Pseudomonas aeruginosa frequently colonizes the respiratory tract of patients suffering from cystic fibrosis (CF) and diffuse panbronchiolitis (DPB). However, the relationship between lung inflammation and extracellular products of P. aeruginosa is not well-defined. To assess the role of elastase released by P. aeruginosa in DPB, a murine model of DPB was employed in this study. Mice were inoculated with either P. aeruginosa PAO1 or PAO-E64; the latter produces elastase with greatly reduced enzymic activity. Throughout the 90-day experiments, counts of viable bacteria from the PAO1-and PAO-E64-infected mice were found to be equivalent. However, the number of lymphocytes isolated from the lungs of PAO-E64-infected mice was significantly lower than the number isolated from the lungs of PAO1-infected animals. Histopathological examination of the lungs of mice infected by PAO1 on day 90 revealed an intense accumulation of chronic respiratory cells surrounding the bronchi, in sharp contrast to the more localized inflammatory response found in those mice infected by PAO-E64. These data suggest that P. aeruginosa elastase (PE) is a potent inflammatory factor in a mouse model of DPB and that the control of PE release by P. aeruginosa may be beneficial for patients with DPB.
INTRODUCTION
Pseudomonas aeruginosa is one of the most clinically relevant pathogens in patients with chronic respiratory conditions such as cystic fibrosis (CF) and diffuse panbronchiolitis (DPB). DPB is a clinicopathological entity characterized by chronic recurrent bronchiolitis and peribronchiolitis with infiltration of lymphocytes and plasma cells (Homma et al., 1983) . P. aeruginosa is detected in 55 % of patients with DPB on the first sputum culture, increasing to 82 % during the late stage of DPB. The condition progresses insidiously and the prognosis, particularly after infection with P. aeruginosa, is considered to be poor.
P. aeruginosa virulence factors such as exotoxin A, exoenzyme S, elastase, alkaline protease, phospholipase C, LPS and phenazine pigments were found to be responsible for damage to lung tissue by drawing parallels with acute P. aeruginosa infections. P. aeruginosa elastase (PE), a 39·5 kDa metalloproteinase, is one of the strongest virulence factors among the toxins of this bacterium. It degrades the elastin of human lung and also other matrix proteins, including laminin and collagen types III and IV (Bejarano et al., 1989; Saulnier et al., 1989) . It has tissue-damaging activity and destroys the structure of the lung. Experimental studies have also shown that PE is a potent inflammatory factor in the rat air-pouch inflammation model (Kon et al., 1999) . Thus, we hypothesized that PE might play an important role in contributing to lung damage in DPB patients who become infected by P. aeruginosa.
In a series of recent studies, we have established a murine model of chronic P. aeruginosa respiratory tract infection that mimics DPB, and have investigated both the mechanisms of chronic infection and the effects of macrolide treatment using this model system (Yanagihara et al., 1997 (Yanagihara et al., , 2000a (Yanagihara et al., , b, 2002 . To test the hypothesis that elastase has a significant impact on DPB patients infected by P. aeruginosa, we challenged our murine model with low-or high-PEproducing strains of P. aeruginosa to assess the role of this enzyme in chronic inflammation.
METHODS
Laboratory animals. Male, 7-week-old, 30-35 g body weight, specific pathogen-free ddY mice were purchased from the Shizuoka Agricultural Cooperative Association for Laboratory Animals (Shizuoka, Japan). All animals were housed in a pathogen-free environment and received sterile food and water in the Laboratory Animal Center for Biomedical Science at Nagasaki University. The experimental protocol was approved by the Ethics Review Committee for Animal Experimentation at our institution.
Bacterial strains. P. aeruginosa strains PAO1 and PAO-E64 were kindly provided by Professor B. H. Iglewski, University of Rochester School of Medicine and Dentistry, Rochester, NY, USA. Strain PAO1 has been well-characterized; it produces most of the recognized virulence factors (Holloway et al., 1979) . Its elastase-mutant strain, PAO-E64 (obtained by nitrosoguanidine treatment), produces an elastase that is antigenically indistinguishable from that of the parent strain but has greatly reduced enzymic activity. The bacteria were stored at À70 8C in brain-heart infusion broth (BBL) supplemented with 10 % (v/v) glycerol and 5 % (w/v) skimmed milk until use.
Experimental model of chronic respiratory infection. Disposable sterile plastic cut-down intravenous catheters with 3 Fr (1 mm) outer diameter (Atom Medical Corporation, Tokyo) were used for intubation. The tube was 3·0 mm long; a few slits were made at the proximal end to prevent blockage by oral secretions. To prepare the inoculum, P. aeruginosa was cultured on trypticase soy agar plates for 24 h. The bacteria were suspended in saline, harvested by centrifugation (3000 g, 4 8C, 10 min), resuspended in sterile saline and adjusted to 1 $ 2 3 10 8 c.f.u. ml À1 , as estimated by turbidimetry. The intubation tube was then immersed in the bacterial saline suspension for 3 days at 37 8C. On day 3 post-inoculation, just prior to intubation, bacterial counts from these tubes were found to be 6·0 AE 0·6 (log 10 c.f.u. ml À1 , mean AE SD, n ¼ 10). The method used for inducing infection has been previously described in detail (Yanagihara et al., 1997) .
Bacteriological and histopathological analysis. Both lungs were homogenized and cultured separately. Bacterial counts were performed by serial dilution on trypticase soy agar before being poured onto Nacetyl-L-cysteine (NAC) agar plates (BBL). For histological examination, lung specimens were fixed in buffered formalin solution (10 %).
Preparation of pulmonary intraparenchymal lymphocytes. Pulmonary intraparenchymal lymphocytes were prepared as described previously (Abraham et al., 1990; Yanagihara et al., 1997) . Briefly, mice were killed by cervical dislocation. After thoracotomy, the lung vascular bed was flushed by injecting 2-3 ml chilled physiological saline into the right ventricle. The lungs were then excised, washed in physiological saline, teased with a stainless steel mesh and incubated in RPMI 1640 medium (Gibco-BRL) with 5 % fetal calf serum, 100 U penicillin G ml À1 , 100 ìg streptomycin ml À1 , 10 mM HEPES, 50 ìM 2-mercaptoethanol and 2 mM L-glutamine, containing 20 U collagenase ml À1 and 1·0 ìg DNase I ml À1 (both from Sigma). A volume of 10 ml was used for each set of lungs. After incubation for 60 min at 37 8C with vigorous shaking, the tissue fragments and most dead cells were removed by passage through 100 ìm nylon mesh. After centrifugation at 600 g for 5 min at 15 8C, the cell pellet was resuspended in 4 ml 40 % (v/v) Percoll (Pharmacia) and layered onto 4 ml 80 % (v/v) Percoll. After centrifugation at 600 g for 20 min at 15 8C, the cells at the interface were collected, washed twice with physiological saline and the number of monocytes was counted using a haemocytometer. Approximately 4 3 10 4 cells were centrifuged onto a glass slide at 160 g for 2 min using a Cytospin 2 centrifuge (Shandon Instruments) and stained by MayGiemsa staining. At least 300 cells were examined by photomicroscopy for differentiation of cellular fractions.
Statistical analysis. Data are expressed as mean AE SD. Differences between groups were examined for statistical significance using Student's unpaired t-test. P , 0·05 denoted the presence of a statistically significant difference.
RESULTS

Bacteriological viable counts
The mean c.f.u. AE SD of P. aeruginosa recovered from homogenized lung tissue at various time intervals after inoculation are shown in Table 1 . Six animals from each group were killed at 7, 30, 60 and 90 days after challenge. The mean numbers of viable bacteria from the lungs of PAO1-and PAO-E64-infected mice were similar, and were stable at 10 5 -10 6 c.f.u. per lung up to 90 days after inoculation. The experiments were reproducible (n ¼ 3) and representative data are shown.
Histopathological examination
Histopathological examination of the lungs of mice infected by strain PAO1 on day 90 post-intubation revealed an intense accumulation of chronic respiratory cells surrounding the bronchi (Fig. 1a, b) . However, the lungs of mice that had been infected by strain PAO-E64 showed only a localized inflammatory process (Fig. 1c, d ).
Accumulation of lymphocytes in the lungs
In mice infected by strain PAO1, the total number of lymphocytes in the lung had increased significantly by day 7 post-intubation, compared with lymphocyte numbers prior to intubation. Furthermore, this level was sustained throughout the 90 days of the experiment (Table 2) . Lymphocyte numbers in PAO1-infected animals on day 90 were approximately 3-4-fold greater than had been found prior to intubation. In contrast, the total number of lymphocytes in the lungs of mice infected by strain PAO- Table 1 . Viable counts of P. aeruginosa from the lungs of mice infected by strain PAO1 or PAO-E64
Values are log 10 c.f.u. P. aeruginosa ml À1 , given as means AE SD.
Time post-inoculation (days) PAO1 (n 6) PAO-E64 (n 6)
E64 did not increase significantly after inoculation and was considerably lower than in the lungs of animals infected by strain PAO1 throughout the study period ( Table 2) . The experiments were reproducible (n ¼ 3) and representative data are shown.
DISCUSSION
Although P. aeruginosa frequently colonizes the respiratory tract of patients suffering from DPB and CF, the relationship between lung inflammation and the production of extracellular factors by this organism is not well-defined. Amitani et al. (1991) showed that PE contributed to epithelial damage in vitro. However, the epithelial cell damage was induced by neutrophil-derived, rather than Pseudomonas-derived, proteases found in the sputum of CF patients (Doring, 1994; Venaille et al., 1998) . Resistance of human tracheal epithelial cells to killing by PE has also been reported (Kercsmar & Davis, 1993) . These in vitro studies suggested that the effect of PE on respiratory infection was still controversial and that an in vivo study was needed to clarify this issue.
Thus, a murine model that mimics DPB was employed to reveal the relationship between PE and lung inflammation in patients with DPB. Viable bacteria were regularly isolated from the lungs for more than 1 year in this model. The histopathological features, which consisted of massive accumulation of lymphocytes in the lung, also resembled those of DPB (Yanagihara et al., 1997) . The present study demonstrates that elastase released by P. aeruginosa plays an important role in DPB and causes marked inflammation. While counts of viable bacteria from the lungs of PAO1-and PAO-E64-infected mice were similar, the numbers of lymphocytes in the lungs of the PAO-E64-infected animals were significantly lower than those in mice infected by PAO1. We quantified the number of lymphocytes in the whole lung, as this parameter is a good marker of the degree of chronic inflammation. Lymphocyte numbers in PAO1-infected mice on day 90 were approximately 3-4-fold greater than those prior to intubation. These results indicate that PE contributed to lymphocyte accumulation in the lungs of mice with chronic Pseudomonas infection. The data from our study are supported by those of Woods et al. (1982) , who suggested that PE contributed to lung inflammation in rats. Azghani et al. (2002) reported that PE induces phosphorylation of the extracellular signal-regulated (ERK1/2) proteins of the MAPK pathway in A549 epithelial cells. This report suggested that the PE may augment pulmonary inflammation via cellular signalling.
A similar process may operate in patients with DPB. A number of studies in vitro, including those from our laboratories, have suggested that macrolides can inhibit extracellular protease enzymes produced by P. aeruginosa without affecting bacterial proliferation (Hirakata et al., 1992; Sakata et al., 1993; Mizukane et al., 1994) . These results suggest a relationship between clinical improvement by macrolide treatment (Kudoh et al., 1987 (Kudoh et al., , 1998 Yanagihara et al., 2001 ) and reduction of elastase production by P. aeruginosa, in patients with DPB. Similarly, we reported previously that treatment with erythromycin resulted in clinical improvement in patients with DPB, independently of P. aeruginosa infection (Fujii et al., 1995) . These results correlate with studies in vitro, which show macrolideinduced inhibition of elastase production by P. aeruginosa without any effect on bacterial proliferation (Sakata et al., 1993) . Our data also support a report that immunization with a PE peptide can reduce the severity of lung infections due to P. aeruginosa (Sokol et al., 2000) .
In conclusion, our results suggest that PE is a potent inflammatory mediator in a mouse model of DPB, and that PE inhibition via macrolide treatment may result in the clinical improvement of patients affected by this condition. 
